


















httpMicrocirculatory perfusion shift in the gut wall
layers induced by extracorporeal circulation
Johannes Kalder, MD,a Dieudonne Ajah,a Paula Keschenau, MD,a Lieven N. Kennes, PhD,b
Rene Tolba, MD, PhD,c Maria Kokozidou, MD, PhD,a Michael J. Jacobs, PhD,a,d and
Thomas A. Koeppel, MD, PhD,a Aachen, Germany; and Maastricht, The Netherlands
Objective: Extracorporeal circulation (ECC) is regularly applied to maintain organ perfusion during major aortic and
cardiovascular surgery. During thoracoabdominal aortic repair, ECC-driven selective visceral arterial perfusion (SVP)
results in changed microcirculatory perfusion (shift from the muscularis toward the mucosal small intestinal layer) in
conjunction with macrohemodynamic hypoperfusion. The underlying mechanism, however, is unclear. Therefore, the aim
of this study was to assess in a porcine model whether ECC itself or the hypoperfusion induced by SVP is responsible for
the mucosal/muscular shift in the small intestinal wall.
Methods: A thoracoabdominal aortic approach was performed in 15 healthy pigs divided equally into three groups: group
I, control; group II, thoracic aortic cross-clamping with distal aortic perfusion; and group III, thoracic aortic cross-
clamping with distal aortic perfusion and SVP. Macrocirculatory and microcirculatory blood ﬂow was assessed by transit
time ultrasound volume ﬂow measurement and ﬂuorescent microspheres. In addition, markers for metabolism and
intestinal ischemia-reperfusion injury were determined.
Results: ECC with a roller pump induced a signiﬁcant switch from the muscularis and mucosal layer of the small intestine,
even with adequate macrocirculation (mucosal/muscular perfusion ratio: group I vs II, P [ .005; group I vs III, P [
.0018). Furthermore, the oxygen extraction ratio increased signiﬁcantly in groups II (>30%) and III (>40%) in the
beginning of the ECC compared with the control (group I vs II, P [ .0037; group I vs III, P [ .0062). Lactate
concentrations and pH values did not differ between groups I and II; but group III demonstrated a signiﬁcant shifting
toward a lactate-associated acidosis (lactate: group I vs III, P [ .0031; pH: group I vs III, P [ .0001).
Conclusions: We demonstrated a signiﬁcant shifting between the small intestinal gut wall layers induced by roller pump-
driven ECC. The shift occurs independently of macrohemodynamics, with a signiﬁcant effect on aerobic metabolism in
the gut wall. Consequently, an optimal intestinal perfusion cannot be guaranteed by a roller pump; therefore, perfusion
techniques need to be optimized. (J Vasc Surg 2015;61:497-503.)
Clinical Relevance: Extracorporeal circulation regularly induces intestinal dysfunction that results in bacteremia. We
identiﬁed that a nonpulsatile ﬂow of a roller pump induces a small intestinal perfusion shift from the muscularis layer
toward the mucosal layer, followed by an increase in the oxygen extraction ratio. Consequently, extracorporeal perfusion
techniques have to be optimized.Extracorporeal circulation (ECC) is typically used for
maintaining perfusion of different organs during major
aortic and cardiac surgery. However, insufﬁcient perfusion
during ECC can cause systemic proinﬂammatory res-
ponses.1,2 Gastrointestinal complications will occur afterthe European Vascular Center Aachen-Maastricht, Department of
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://dx.doi.org/10.1016/j.jvs.2013.10.070cardiac surgery in 0.1% to 2.3% of patients and after major
aortic surgery in 7% who are operated on with ECC, with a
dramatically high mortality rate of 15% to 63%.3-7 Further-
more, ECC has been reported to result in mucosal
ischemia-reperfusion injury, altered gut permeability, and
endotoxinemia of intestinal bacteria.8-10 This impairment
of the intestinal barrier function may trigger a systemic
inﬂammatory response syndrome, eventually causing multi-
organ failure.1,11
Hence, ECC may induce a variety of pathologic
phenomena that are still unclear and may possibly be trig-
gered by a suboptimal microperfusion of the intestinal
tissue. The porcine model by Sack and Hagl,12 which
creates a ﬂow of 50% by ECC and 50% by the normal heart
beat, demonstrated a drop in blood cell velocity in small
vessels of the small intestine muscular layer.12 Whether
this phenomenon is the same in a small intestine fully
perfused by ECC is unclear. We previously showed that
selective visceral perfusion of the celiac trunk (CT) and
the superior mesenteric artery (SMA) does not provide
adequate perfusion. Instead, a shift between the small
intestinal gut wall layersdmucosa and muscularisdis
veriﬁable.13497
Fig 1. Sketch shows of the experimental setting of (a) group II and (b) group III. In group II, extracorporeal
circulation (ECC) was performed through the external iliac vein and artery. In group III, an additional selective visceral
perfusion (SVP) was performed through an octopus tubing system and balloon-blockable perfusion catheters.
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described porcine model to assess the effect of roller
pump-driven distal aortic perfusion (DAP) on perfusion
of the small intestinal gut wall layer.13 Therefore, DAP
was compared with a control group with physiologic perfu-
sion and an ECC with low-ﬂow perfusion as induced by
selective visceral arterial perfusion (SVP). In detail, the
macrohemodynamics and microhemodynamics, especially
the mucosal and muscularis perfusion ratio and markers
of intestinal metabolism and systemic inﬂammation, were
assessed.
METHODS
The experiments in this study were performed in accor-
dance with German legislation governing animal studies
and following The Principles of Laboratory Animal Care
(National Institutes of Health Publication 85-23, revised
1996). Ofﬁcial permission was granted from the govern-
mental Animal Care and Use ofﬁce (Landesamt für Natur,
Umwelt und Verbraucherschutz Nordrhein-Westfalen,
Recklinghausen, Germany).
Animals and preparations. The study used 15 female
German Landrace pigs from hygienic optimized barrier
breeding (weight, 69 6 8 kg; body surface area, 1.43 6
0.14 m2). The animals were allowed to acclimatize to their
surrounding for a minimum of 5 days before the ﬁrst inter-
vention. Before the surgical procedure, which occurred
2 weeks later, the animals were fasted overnight with water
allowed ad libitum. Blood (500 mL) was taken from each
animal, stored at 4C, and later used for retransfusion.
The animals were anesthetized with the following
protocol: premedication was with 1% atropine (1 mL), aza-
perone (0.2 mL/kg), and ketamine (0.1 mL/kg)intramuscularly; anesthesia induction was with intravenous
pentobarbital (10-25 mg/kg), followed by intubation;
anesthesia maintenance was with intravenous fentanyl (45
to 90 g/kg/h), and 1.5% isoﬂurane inhalation with an air
mixture (50% oxygen) using intermittent positive-
pressure ventilation. The animals were surgically prepared
and monitored as previously described and divided into
three groups of ﬁve animals each.13 After the surgical prep-
aration and the baseline measurements, the animals of all
groups received 3 mg/kg body weight systemic heparin.
The former published group I (n ¼ 5) served as the
control.13 In group II (n ¼ 5), DAP through the iliac
arterial axis was established with a Jostra HL20 roller
pump (MAQUET Cardiopulmonary AG, Hirrlingen,
Germany) during 1 hour of thoracic aortic cross-
clamping (TAC). A 16F straight arterial cannula was
inserted into the external iliac artery, and a 24F venous
cannula was placed below the right atrium using the
external iliac vein as the access vessel (both cannulas by
MEDOS Medizintechnik AG, Stolberg, Germany). In
the former published group III (n ¼ 5),13 SVP in addition
to the DAP was installed during the 1 hour of TAC
(Fig 1). Therefore, four additional tubes with selective
perfusion catheters (12F and 14F) were connected to
the normal ECC tubing system right after the oxygenator.
The SVP catheters were inserted into the CT, the SMA,
and both renal arteries.
As previously described in detail, the ECC system was
primed with saline, hydroxyethyl starch, Osmofundin (B.
Braun, Melsungen, Germany), the 500 mL of previously
stored blood, and 5000 IU heparin and connected to
a Hilite closed system with a Hilite 7000 oxygenator
(MEDOS Medizintechnik AG).13 ECC was established
Table. General parameters of experimental groups during the main procedure
Group
Measurements at T2 and T3a
Heart rate (beats/min) Hematocrit (%) Temperature (C) Intestinal arterial O2 content (O2/100 mL)
I (control) 111 6 11 24.4 6 4.5 35.4 6 1.5 12.9 6 1.9
II (TAC þ DAP) 131 6 35 25.4 6 4.0 34.7 6 0.8 12.1 6 1.9
III (TAC þ DAP þ SVP) 114 6 26 24.3 6 6.2 35.5 6 0.9 11.8 6 1.5
DAP, Distal aortic perfusion; ECC, extracorporeal circulation; TAC, thoracic aorta cross-clamp; SVP, selective visceral arterial perfusion.
aValues are shown as mean 6 standard deviation during the main ECC procedure (T2 and T3).
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TAC, the groups were monitored for another 2 hours.
Sampling and measurement. Samples were obtained
and measurements were performed after surgical prepara-
tion (T1), at the beginning (T2) and at the end (T3) of
the ECC period, and during the reperfusion period at 15
(T4), 60 (T5), and 120 (T6) minutes. For these time points,
blood was analyzed in a Radiometer ABL 615 blood gas
analyzer (Copenhagen, Denmark) to measure blood gas
and lactate concentrations.
Flow rates of the SMA and CT were also measured by
ultrasound ﬂow probes (Transonic Systems, Ithaca, NY)
to assess macrohemodynamics. Moreover, 15-mm Fluo-
rescent Dye-Trak “F” microspheres (4 million per injec-
tion) were injected at T1, T2, T3, and T4, to gain
microhemodynamic information about the gut wall. To
measure the ﬂuorescence emanated by the microspheres
sticking to the small intestinal layers, three larger
segments of the small intestine were divided into mucosal
and muscular layers and analyzed afterward as previously
described.13
Histologic damage was scored by hematoxylin and
eosin-stained slices using the Hierholzer score as 0, no
speciﬁc pathologic changes; 1, mild mucosal damage; 2,
moderate mucosal damage (loss of villi height); 3, extensive
intestinal damage (loss of a large number of villi, including
denudation); and 4, severe intestinal damage or necrosis.14
Plasma concentrations of intestinal fatty acid-binding
protein (IFABP), an early sensitive marker for intestinal
mucosal damage, were measured with enzyme-linked
immunosorbent assay (ELISA) kit (Hycult Biotechnology,
Uden, The Netherlands) according to the manufacturer’s
guidelines.1 To monitor the early inﬂammatory response
of the ECC, plasma levels of interleukin-8 (IL-8) were
analyzed with a porcine IL-8 ELISA kit (R & D Systems
Inc, Minneapolis, Minn) according to the manufacturer’s
guidelines.
Statistical analysis. Continuous variables are exp-
ressed as mean 6 standard deviation. Two-way repeated-
measures analysis of covariance was done to investigate the
effects of the cohort (group factor, 3 levels: control, TAC,
TAC þ DAP), time (repeated factor), and cohort  time
(interaction term) on the different variables (except IL-8),
corrected for their baseline values (covariate). For a subset
(mean arterial blood pressure, blood ﬂow rates in CT and
SMA, gut wall, mucosal/muscular ratio, and oxygenextraction ratio) of the variables, separate analyses were
performed for the main procedure (T2 and T3) and the
reperfusion period (T4, T5, and T6) due to obvious
differences between these two intervals, which were not the
object of the investigation. In these cases, developments
during the main procedure were of primary interest.
For all repeated-measures analysis of covariance, the
requirements of normally distributed residuals and homo-
scedasticity were checked using normal probability and
residual plots. When necessary, a bijective transformation
on the response variable was performed to meet the
requirements. IL-8 was investigated by the Wilcoxon
signed-rank test. All test results were analyzed in an
explorative way. P values of <.05 were regarded as statis-
tically signiﬁcant. All statistical analyses were conducted
using SAS 9.1 software (SAS Institute, Cary, NC) and
R 2.11.1 software (The R Foundation for Statistical
Computing).
RESULTS
General parameters, such as heart rate, hematocrit,
temperature, and intestinal arterial oxygen content were
homogeneous in all groups throughout the 1-hour ECC
period (T2 and T3; Table). According to the macrohemo-
dynamic measurements, the systemic mean arterial blood
pressure (Fig 2) and the ﬂow rates (Fig 3) of the SMA
and CT did not differ signiﬁcantly between group I and
II but did between group I and III during the main proce-
dure (T2 and T3).
Concerning the microhemodynamics, the ﬂuorescence
emanated by the microbeads in the entire gut wall were
similar in group I and II. In contrast to those two groups,
the microcirculation of group III was signiﬁcantly upregu-
lated (group I vs III, P ¼ .0136; group II vs III, P ¼
.0035; Fig 4, a). Surprisingly, the ratio between the
mucosal microcirculation and the muscularis layer was
highly signiﬁcantly divergent during the main procedure
(T2 and T3) between group I and both ECC groups
(group I vs II, P ¼ .005; group I vs III, P ¼ .0018;
Fig 4, b).
Despite unchanged visceral arterial oxygen content, the
oxygen extraction ratio increased signiﬁcantly in groups II
and III directly after the start of the ECC (Fig 5, a). In
contrast, the anaerobic metabolic markers of lactate
(Fig 6, a) and pH (Fig 6, b) did not vary between group
I and II; however, in group III, both parameters shifted
Fig 2. Mean arterial blood pressure measurements were acquired by an intra-arterial line placed in the common carotid
artery. At T2 and T3 (period of extracorporeal circulation [ECC]), the pressure was measured in an intra-aortic line
placed below the thoracic aortic clamp (TAC) in group II, whereas the pressure values in group III were measured at
the tip of the perfusion catheters of celiac trunk (CT) and superior mesenteric artery (SMA). DAP, Distal aortic
perfusion; SVP, selective visceral perfusion.
Fig 3. Measured ﬂow rates of the (a) celiac trunk (CT) and the (b) superior mesenteric artery (SMA) retrieved at the
origins of the vessels by ultrasound ﬂow probes. In group III at T2 and T3 (period of extracorporeal circulation [ECC]),
ﬂow rates were measured at the tubing system of the selective perfusion catheters. DAP, Distal aortic perfusion; SVP,
selective visceral perfusion; TAC, thoracic aortic clamp.
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with SVP.
Regarding the damage of the small intestinal mucosa,
the measured IFABP levels were stable in groups I andII, whereas in group III, increased levels were observed
during the experiment. The statistical analysis showed
a signiﬁcant interaction effect of group and time for this
parameter (P ¼ .0028; Fig 7). The macroscopic
Fig 4. Microcirculation measured with 15-mm ﬂuorescent microspheres. To pool the microspheres correctly, they
were injected into the descending aorta at T2 and T3 (period of extracorporeal circulation [ECC]) in cohort III into the
extracorporeal tubing system, respectively. a, Perfusion is calculated for the entire gut wall. b, The ratio between the
weight-corrected emanated ﬂuorescence between the mucosal and the muscular layer is calculated. DAP, Distal aortic
perfusion; SVP, selective visceral perfusion; TAC, thoracic aortic clamp.
Fig 5. Measurements of metabolic parameters were conducted repeatedly throughout the experiment: (a) aerobic
marker oxygen extraction ratio and (b) anaerobic marker lactate levels. The oxygen extraction ratio was calculated from
arterial and portal venous blood. DAP, Distal aortic perfusion; SVP, selective visceral perfusion; TAC, thoracic aortic
clamp.
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visceral embolism or side branch occlusion. In addition, the
histologic scoring by the Hierholzer score for intestinal
damage demonstrated no difference between the groups.
All three groups were scored with a score 2 at all time
points (T1-T6) in all three measured regions. The IL-8
measurements demonstrated equal baseline plasma levels
in all groups at T1. Meanwhile, a not signiﬁcant increase
was measured only in group III at T6 (T1: group I, 0 6
0; group II, 1.2 6 2.7; group III, 1.4 6 2.1 pg/mL; T6:
group I, 1.1 6 2.5; group II, 4.8 6 6.6; group III,3.6 6 5.3; T1 vs T6: group I, P ¼ 1; group II, ¼ .5; group
III, P ¼ .8125).DISCUSSION
This study demonstrates that ECC with a roller pump
induces a signiﬁcant perfusion shift in the small intestinal
gut wall layers from the muscularis toward the mucosal layer,
independently of ﬂow rates in the visceral vessels. As a conse-
quence, ECC with normal ﬂow rates changes the aerobic
metabolism with an increasing oxygen extraction ratio,
Fig 6. Portal venous pH levels were intermittently measured.
DAP, Distal aortic perfusion; SVP, selective visceral perfusion;
TAC, thoracic aortic clamp.
Fig 7. Portal venous plasma levels of intestinal fatty acid-binding
protein (IFABP) were measured as a marker for mucosal damage.
DAP, Distal aortic perfusion; SVP, selective visceral perfusion;
TAC, thoracic aortic clamp.
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obic metabolism, leading to lactate acidosis.
Visceral perfusion by means of DAP or DAP with SVP
is used to provide volume-controlled and pressure-
controlled blood ﬂow to abdominal organs, aiming for
prevention of intestinal injury.15 Whereas SVP did not
provide sufﬁcient blood ﬂow and pressure in the visceralarteries,16 DAP establishes adequate ﬂow rates and mean
arterial blood pressures in these vessels.
Even so, both examined techniques of ECC signiﬁcantly
changed the proportional distribution of blood ﬂow in the
small intestinal microcirculatory network. Blood ﬂow in
both perfusion types shifts from the muscularis toward the
mucosal layer. As soon as ECC is established, this shift is
induced independently of the ﬂow rate. A low-ﬂow perfu-
sion, as occurred during SVP, only aggravates the effect.
These ﬁndings are in concordance with the results of
the porcine experiments published by Sack and Hagl.12
They examined exteriorized small intestinal muscular layer
by intravital microscopy and measured a diminished arterial
blood ﬂow velocity and a reduced number of perfused
capillaries. For their experiments, they used a partial left-
sided heart bypass with a 50/50 perfusion mix of a roller
pump ECC and cardiac perfusion.12,15,17 Thus, the small
intestinal autonomic-controlled vascular network of preca-
pillary and arteriolar sphincters, normally prorating the
necessary blood volume on the basis of a pulsatile blood
ﬂow, has to control the blood ﬂow after establishing an
ECC with a missing pulse wave. Because 55% of the total
intestinal vascular resistance is regulated by those muscle
tubes, called arterioles,18 the missing pulse wave will affect
these resistance vessels and result in the shift of perfusion
from the muscularis toward the mucosal vascular network.
To validate our measurements, we examined the ﬂuo-
rescence emanated by microspheres in the whole gut
wall. These are in concordance with other published micro-
circulatory results of antegrade cardiopulmonary bypass
models.19,20 A recent study on renal pulsatile and nonpul-
satile perfusion effects on cold stored kidneys demonstrated
a signiﬁcant inﬂuence of the ﬂow type on the vascular
endothelium and, thereby, supports our theory.21
As an effect of nonpulsatile perfusion, the oxygen extrac-
tion ratio increases directly after roller pump perfusion is
started, demonstrating a metabolic change on the aerobic
side of the metabolism in the small intestinal wall. A similar
effect was published by Shepherd et al,22 who observed an
increased oxygen uptake in nonpulsatile canine ileum perfu-
sion. However, young healthy pigs effectively compensate
these metabolic changes during and after DAP, as shown
in altogether stable pH levels and not signiﬁcantly increased
lactate levels. By contrast, animals treated with DAP plus
SVP compensate the lack of energy in an increased anaerobic
metabolism that results in a lactate-associated acidosis.
Even so, the artiﬁcial perfusion with DAP or DAP plus
SVP avoided major damage of the mucosal layer in these
young, healthy pigs, which was proven by the histologic
ﬁndings and stable IFABP concentrations during the exper-
iment in groups II and III. Furthermore, elevated IL-8
levels were not detected 2 hours after clamping in these
groups. In contrast, these ﬁndings differ from the results
of Hanssen et al,1 who described signiﬁcantly increased
IFABP and IL-8 concentrations after DAP and DAP plus
SVP in major aortic surgery. Videm et al,23 however, found
that plasma endotoxin concentrations in humans who
underwent cardiac surgery with ECC correlated positively
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ECC-induced microhemodynamic perfusion mismatch in
the small intestinal wall may be aggravated in humans with
atherosclerosis and will usher in mucosal cell damage, fol-
lowed by a systemic inﬂammation. This is probably caused
by macrohemodynamically relevant stenosis or regulatory
failures of the intestinal vascular network, resulting in the
recently reported benchmark mortality rate of 10% for
open thoracoabdominal aortic aneurysm repair in the
National Surgical Quality Improvement Program for future
endovascular procedures.24
CONCLUSIONS
In this investigation, we found that ECC during major
aortic surgery with TAC prevents major damage of the small
intestine. With respect to the microvascular circulation,
however, ECC induces, independently of the ﬂow rates,
a perfusion shift from the small intestinal muscularis to the
mucosal layers. Consequently, ECC perfusion techniques
need to be optimized. Of special interest will be to evaluate
ECC measures with pulsatile ﬂow proﬁles and develop
special tubing systems for such pulsatile systems to transfer
the ECC-induced pulse wave into the vascular system.
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